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The purpose o f  t h i s  program i s  to  develop l i f e  p r e d i c t i o n  models for 
a n i s o t r o p i c  m a t e r i a l s  used i n  gas t u r b i n e  a i r f o i l s .  I n  t h e  base p o r t i o n  of t h e  
program, two coated s i n g l e  c r y s t a l  a l l o y s  a r e  be ing  t e s t e d .  They a r e  PWA 286 
o v e r l a y  coated and PWA 273 a lum in ide  coated PWA 1480 and PWA 286 o v e r l a y  
coated Al loy 185. V i s c o p l a s t i c  c o n s t i t u t i v e  models for  these m a t e r i a l s  a r e  
a l s o  b e i n g  developed t o  p r e d i c t  t h e  c y c l i c  s t r e s s - s t r a i n  h i s t o r i e s  r e q u i r e d  
f o r  l i f e  p r e d i c t i o n  o f  t h e  l a b  specimens and a c t u a l  a i r f o i l  des igns .  Th is  
r e p o r t  h i g h l i g h t s  some o f  the  accomplishments o f  t h e  program t h i s  y e a r .  R e f e r  
t o  Reference 1 for  more i n f o r m a t i o n .  

SINGLE CRYSTAL CONSTITUTIVE MODEL 

Two candidate c o n s t i t u t i v e  models have been developed f o r  s i n g l e  c r y s t a l  
m a t e r i a l s .  A "m ic roscop ic "  model computes i n e l a s t i c  q u a n t i t i e s  on t h e  
c r y s t a l l o g r a p h i c  s l i p  systems and achieves t h e  r e q u i r e d  d i r e c t i o n a l  p r o p e r t i e s  
as a consequence o f  r e s o l v i n g  t h e  s l i p  system s t resses  and s t r a i n s  o n t o  t h e  
g l o b a l  c o o r d i n a t e  system. The second model, t h e  "macroscopic" model, uses 
a n i s o t r o p i c  sensors o p e r a t i n g  on t h e  g l o b a l  q u a n t i t i e s  d i r e c t l y  t o  achieve t h e  
r e q u i r e d  d i r e c t i o n a l  p r o p e r t i e s .  M a t e r i a l  cons tan ts  from 427C (800F) t o  1038C 
(19OOF) have been o b t a i n e d  for b o t h  models based on c y c l i c  t e s t s .  A d d i t i o n a l  
t e s t s  a r e  b e i n g  conducted t o  o b t a i n  model cons tan ts  up t o  1149C (2100F). 

Each model has been encoded i n  a fo rma t  c o n s i s t e n t  w i t h  t h a t  r e q u i r e d  i n  t h e  
MARC ( R e f .  2 )  f i n i t e  element program ( v i a  user  s u b r o u t i n e  HYPELA). S i g n i f i c a n t  
r e d u c t i o n  i n  computing t i m e  i s  achieved by f o r m u l a t i n g  and i n v e r t i n g  t h e  
s t r u c t u r a l  s t i f f n e s s  m a t r i x  o n l y  once i n  an a n a l y s i s  u s i n g  e l a s t i c  cons tan ts  
a t  a " re ference temperature"  ( R e f .  3 ) .  Dur ing  the  incrementa l  s t r u c t u r a l  
a n a l y s i s ,  any e l a s t i c  s t r e s s  change due t o  change i n  temperature from t h e  
reference temperature i s  added to  the  incrementa l  i n e l a s t i c  s t r e s s  v e c t o r .  

Simple f i n i t e  element analyses a re  be ing  conducted t o  v e r i f y  p roper  o p e r a t i o n  
of t h e  models i n  t h e  MARC program. 

* Work performed under NASA c o n t r a c t  NAS3-23939. 
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COATING CONSTITUTIVE MODEL 

PWA 1480 t u r b i n e  a i r f o i  TMF c racks  o r i g i n a t e  from a c o a t i n g  c r a c k .  Thus, f o r  
a i r f o i l  l i f e  p r e d i c t i o n  i t  i s  i m p o r t a n t  to  model t h e  c o a t i n g  mechanical  
behav io r  as w e l l  as t h a  o f  t h e  PWA 1480. I n  t h i s  program, v i s c o p l a s t i c  
c o n s t i t u t i v e  models a r e  b e i n g  developed f o r  two f u n d a m e n t a l l y  d i f f e r e n t  
c o a t i n g  t ypes  wh ich  a r e  commonly used i n  gas t u r b i n e s  t o  p r o v i d e  o x i d a t i o n  
p r o t e c t i o n :  1)  PWA 286 plasma sprayed N i C o C r A l Y  o v e r l a y  and 2) PWA 273 N i A l  
d i ff us  i on. 

Wa lke r ' s  i s o t r o p i c  f o r m u l a t i o n  (Ref. 4) was chosen as t h e  o v e r l a y  c o a t i n g  
c o n s t i t u t i v e  model based on i t s  a b i l i t y  t o  reproduce i s o t h e r m a l  and the rma l  
mechanical  h y s t e r e s i s  l o o p  d a t a .  

MARC (Ref .  2 )  f i n i t e  element computer program user  s u b r o u t i n e  HYPELA has been 
developed f o r  t h e  o v e r l a y  c o a t i n g  to  p e r m i t  a n a l y s i s  o f  coa ted  specimens and 
components. 

A lumin ide  d i f f u s i o n  c o a t i n g  c o n s t i t u t i v e  model development i s  c o n t i n u i n g .  
Because d i f f u s i o n  c o a t i n g  p r o p e r t i e s  depend on  t h e  s u b s t r a t e  m a t e r i a l ,  t e s t s  
a r e  conducted on two th i cknesses  of coa ted  PWA 1480 m a t e r i a l .  Subsequent ly ,  t h e  
" e f f e c t i v e "  a l u m i n i d e  c o a t i n g  m a t e r i a l  c o n s t a n t s  w i  11 be de termined by a p p l y i n g  
t h e  o v e r l a y  c o a t i n g  Walker model f o r m u l a t i o n  t o  b o t h  specimen t h i c k n e s s e s  and 
e x t r a p o l a t i n g  t o  z e r o  s u b s t r a t e  t h i c k n e s s .  I s o t h e r m a l  s t r e s s  r e l a x a t i o n  t e s t i n g  
of  t h e  0.25mm (0.010") t h i c k  specimens was completed. The observed specimen 
response a t  871C (1600F) i s  p resen ted  i n  F i g u r e  1 .  T e s t i n g  o f  t h e  0.13mm 
(0.005") t h i c k  specimens and model c o n s t a n t  d e t e r m i n a t i o n  i s  pend ing .  

LIFE PREDICTION TESTS 

Over 45 TMF t e s t s  o f  coa ted  PWA 1480 specimens have been completed. A l t h o u g h  
many d i f f e r e n t  s t r a i n - t e m p e r a t u r e  c y c l e  c o n d i t i o n s  were i n v e s t i g a t e d ,  t h e  bu 
o f  TMF t e s t s  were out-of-phase. A l l  f o u r  o r i e n t a t i o n s  (coo l> ,  <011>, <111>, 
and ~123 , )  i n i t i a t e d  c racks  a t  s i t e s  where c o a t i n g  c r a c k i n g  had o c c u r r e d .  Th 
i n i t i a t i o n  mode i s  c o n s i s t e n t  w i t h  p r e v i o u s l y  conducted exper imen ts  and t u r b  
a i r f o i l  expe r ience .  

I s o t h e r m a l  specimen t e s t s  a r e  a l s o  b e i n g  conducted. C o n t r a r y  t o  t h e  TMF t e s t  
exper ience ;  however, many non-<001> o r i e n t e d  s u b s t r a t e  specimens i n i t i a t e d  
c racks  underneath  t h e  specimen o u t e r  s u r f a c e  i n  e i t h e r  t h e  PWA 1480 or 
coating/PWA 1480 i n t e r f a c i a l  r e g i o n ,  e s p e c i a l l y  i n  t h e  h i g h e r  tempera tu re  
t e s t s .  I n  c o o l >  o r i e n t e d  PWA 1480 specimens, c r a c k  i n i t i a t i o n  was l i m i t e d  t o  
t h e  c o a t i n g .  T h i s  i n i t i a t i o n  mode s h i f t  between coo l>  and non-<001> specimen 
o r i e n t a t i o n s  o c c u r r e d  because coo l>  specimens were t e s t e d  a t  h i g h e r  s t r a i n  
ranges than  t h e  o t h e r  o r i e n t a t i o n s  t o  o b t a i n  r o u g h l y  e q u i v a l e n t  specimen 
l i v e s .  The h i g h e r  s t r a i n s  reduce t h e  c o a t i n g  f a t i g u e  l i f e  below t h a t  o f  t h e  
PWA 1480. However, t h e r e  was one e x c e p t i o n .  PWA 286 coated  cool> specimen 
t e s t s  conducted a t  tempera tures  g r e a t e r  t han  927C (1700F) genera ted  c o a t i n g  
c racks ,  b u t  those c racks  d i d  n o t  grow i n t o  t h e  PWA 1480. I n  such cases, 
specimen f a i l u r e  was caused by c rack  i n i t i a t i o n  a t  t h e  uncoated I . D .  specimen 
s u r f a c e .  
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LIFE PREDICTION MODELS 

The original life prediction approach which limited the crack initiation mode 
to just coating cracking must be extended to include the other observed 
specimen cracking modes: 

Nf = Nc t Nsc t Nsp 

Nf = Nsi + Nsp 
or 

whichever is the smallest. 

where: Nc = Cycles t o  initiate a crack through the coating. 

Nsc = Cycles for coating initiated crack to penetrate 
a small distance into the substrate. Currently 
defined as .25 mm (.OlO"). 

Nsi = Cycles to initiate a substrate crack due to 
macroscopic slip, oxidation effects, or defects. 

Nsp = Cycles to propagate substrate crack to failure. 

Nf = Total cycles to fail specimen or component. 

Nc for Overlay Coating 

The following modified tensile hysteretic energy model was developed for the 
overlay coating: 

-b m 

t 
N c = C W  v 

1 
where: v =  z- t i -Do 

cycle 

; v I 1.0 

r(T) = r exp(-Q/T) = temp. and time dependent damage rate. 
0 

3 3 
W = Tensile hysteretic energy, N-m/m (in-lbf/in 1. 
t 

Ti = Individual temperature levels in the cycle, K ( R ) .  

ti = Time at T i  (min), including 100% of tensile hold and 
30% of compressive hold times in the cycle, i f  any. 
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To = Thresho ld  tempera ture  f o r  tempera tu re  dependent 
damage, assumed t o  be 1088K (1960R). 

Do = " i n c u b a t i o n  damage" = 9.985 

Q = Normal ized  a c t i v a t i o n  energy  for tempera ture  and t i m e  
dependent damage. 

Q = a c t i v a t i o n  energy lgas  con!; tant ,AH/R 
Q = 28366"K(51100°R) 

The  term,^, i s  an e x t e n s i o n  o f  O s t e r g r e n ' s  t i m e  dependent damage t e r m  (Re f .  5 )  
t h a t  i n c l u d e s  b o t h  tempera tu re  and t i m e  dependent damage f u n c t i o n s  t o  model 
t h e r m a l l y  a c t i v a t e d  processes .  

Model c o n s t a n t s  were de termined from i s o t h e r m a l  t e s t s  conducted a t  427, 760, 
927, and 1038C (800, 1400, 1700, and 1900F). C o a t i n g  h y s t e r e s i s  l oops  were 
p r e d i c t e d  u s i n g  t h e  PWA 286 c o n s t i t u t i v e  model i n c o r p o r a t e d  i n t o  a 
one-dimensional  model. T h i s  model de termines  t h e  s t r e s s - s t r a i n  o f  t h e  
s u b s t r a t e  and c o a t i n g  by impos ing  an e q u i v a l e n t  d i sp lacemen t  h i s t o r y .  
D i f f e r e n c e s  i n  c o e f f i c i e n t  of thermal  expans ion  a r e  i n c l u d e d  i n  t h e  model. 

The l i f e  model c o l l a p s e s  i s o t h e r m a l  and thermal  mechanical  f a t i g u e  l i v e s  
w i t h i n  a f a c t o r  o f  about  2 . 5  ( F i g .  2 ) .  G e n e r a l l y ,  t h e  worst p r e d i c t e d  t e s t  
l i v e s  were l i m i t e d  t o  1149C (2100F) max. tempera ture  TMF t e s t s .  P r e d i c t i o n  o f  
these  t e s t s  shou ld  improve when 1149C (2100F) i s o t h e r m a l  t e s t s  a r e  i n c l u d e d  i n  
t h e  d a t a  s e t  used t o  de te rm ine  model c o n s t a n t s .  

U l t i m a t e l y ,  coa ted  TMF l i f e  p r e d i c t i o n  must cons ide r  b i a x i a l  c o a t i n g  l o a d s  
i n t r o d u c e d  by t h e  thermal  g rowth  mismatch between t h e  c o a t i n g  and s u b s t r a t e .  
For example, MARC f i n i t e  e lement  a n a l y s i s  o f  a s imp le  two element s t r u c t u r e  
was per fo rmed t o  o b t a i n  t h e  c o a t i n g  h y s t e r e t i c  response t o  a u n i a x i a l ,  
ou t -o f -phase TMF t e s t  conducted a t  427-1038C (800-1900F), +-.15%, and 1 cpm. 
P r e d i c t e d  h y s t e r e s i s  l oops  from t h e  f i n i t e  element and one-dimensional  
ana lyses  a r e  p resen ted  i n  F i g u r e  3. The c o a t i n g  t e n s i l e  h y s t e r e t i c  energy  was 
o b t a i n e d  from t h e  f i n i t e  element a n a l y s i s  by t h e  method proposed by  Garud 
(Re f .  6 ) .  For t h i s  t e s t  c o n d i t i o n ,  b i a x i a l  c o a t i n g  l oads  i n c r e a s e d  t h e  t e n s i l e  
energy  70% which  reduced t h e  p r e d i c t e d  l i f e  by a f a c t o r  o f  abou t  1 .5 .  

Nc f o r  A lumin ide  C o a t i n g  

T o t a l  s t r a i n  range c o r r e l a t i o n  o f  a l u m i n i d e  c o a t i n g  l i f e  a t  927C (1700F) 
i n d i c a t e d  t h a t  t h e  l i f e  o f  t h i s  c o a t i n g  t ype  depended upon t h e  PWA 1480 
s u b s t r a t e  o r i e n t a t i o n .  F r a c t o g r a p h i c  a n a l y s i s  o f  t h e  specimen c r a c k  i n i t i a t i o n  
r e g i o n s  i n d i c a t e d  t h a t  most o f  t h e  non-<001> o r i e n t e d  PWA 1480 specimens 
i n i t i a t e d  c racks  under t h e  specimen sur face  as d i scussed  p r e v i o u s l y .  The 
c o r r e l a t i o n  was marked ly  improved by removing t h e  s u b s t r a t e  c r a c k  i n i t i a t e d  
specimens from c o n s i d e r a t i o n  ( F i g .  4 ) .  The square symbol p o i n t s  i n  F i g u r e  4 
w e r e  t e s t s  wh ich  e x h i b i t e d  PWA 1480 i n i t i a t i o n  ( N s i ) .  
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Nsc or Ns i  for S i n g l e  C r y s t a l  S u b s t r a t e  

I n i t i a l  PWA 1480 l i f e  c o r r e l a t i o n s  e v a l u a t e d  t h e  f o l l o w i n g  models :  
Cof f in -Manson,  O s t e r g r e n ,  c r a c k  t i p  open ing  d i s p l a c e m e n t  (CTOD) from l i n e a r  
e l a s t i c  f r a c t u r e  mechanics (LEFM), e l a s t i c  modulus m o d i f i e d  s t r a i n  range  
model, and t h e  m o d i f i e d  h y s t e r e t i c  ene rgy  approach deve loped by  DeLuca and 
Cowles ( R e f .  7 )  wh ich  c o n s i d e r s  c r y s t a l l o g r a p h i c  e f f e c t s .  Each o f  t h e s e  models 
was a p p l i e d  t o  t h e  d a t a  s e t  p r e s e n t e d  i n  Tab le  1 .  A l l  t h e  models ,  e x c e p t  CTOD, 
c o r r e l a t e d  t h e  l i v e s  w i t h i n  a f a c t o r  of abou t  2 . 5 .  

The e l a s t i c  modulus m o d i f i e d  s t r a i n  range ,  O s t e r g r e n ,  and m o d i f i e d  h y s t e r e t i c  
ene rgy  models  were chosen f o r  f u r t h e r  development  based on  r e g r e s s i o n  
a n a l y s i s .  Subsequen t l y ,  t h e  O s t e r g r e n  model was j u d g e d  t o  be a subse t  o f  t h e  
m o d i f i e d  h y s t e r e t i c  ene rgy  model and, as such, w i l l  n o t  be deve loped  f u r t h e r .  
The m o d i f i e d  s t r a i n  range  and m o d i f i e d  h y s t e r e t i c  ene rgy  model c o r r e l a t i o n s  
a r e  p r e s e n t e d  i n  F i g u r e s  5 and 6 .  

The m o d i f i e d  h y s t e r e t i c  e n e r g y  approach was a l s o  a p p l i e d  t o  an expanded 971C 
(1700F) d a t a  s e t  wh ich  i n c l u d e d  PWA 286 and PWA 273 coa ted  PWA 1480 l i v e s  
a s s o c i a t e d  w i t h  b o t h  Nsc and N s i  t y p e  i n i t i a t i o n  modes ( F i g .  7 ) .  T h i s  
c o r r e l a t i o n  i n d i c a t e s  t h a t  t h e  d i f f e r e n t  i n i t i a t i o n  modes produce s e p a r a t e  
l i f e  t r e n d s ,  b u t  t h a t ,  w i t h i n  a g i v e n  mode, l i v e s  from b o t h  c o a t i n g  t y p e s  
( i . e .  o v e r l a y  and a l u m i n i d e )  a r e  r e a s o n a b l y  c o r r e l a t e d  by  a s i n g l e  e x p r e s s i o n .  
Also, a t  t h i s  t e m p e r a t u r e ,  t h e  PWA 1480 c r a c k i n g  l i f e  from t h e  N s c  i n i t i a t i o n  
mode i s  l e s s  t h a n  f o r  t h e  N s i  mode. L a s t l y ,  f o r  t h e  N s i  i n i t i a t i o n  mode, 
g r e a t e r  l i f e  d a t a  s c a t t e r  was obse rved  i n  t h e  o v e r l a y  coa ted  PWA 1480 l i v e s  
than  t h e  a l u m i n i d e  c o a t e d  l i v e s .  T h i s  was a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  PWA 
1480 c r a c k  i n i t i a t i o n  i n  t h e  o v e r l a y  coa ted  specimens g e n e r a l l y  o c c u r r e d  
deeper  i n  t h e  specimen ( i . e .  f a r t h e r  from t h e  O.D.  su r face )  t h a n  t h a t  i n  t h e  
a l u m i n i d e  c o a t e d  specimens.  S i n c e  r e p l i c a t i o n  canno t  m o n i t o r  s u b s u r f a c e  
c r a c k s ,  l a r g e r  d a t a  s c a t t e r  was expec ted  from t h e  o v e r l a y  coa ted  specimens. 

FUTURE 

I s o t h e r m a l  f a t i g u e  and TMF t e s t s  w i l l  c o n t i n u e .  These w i l l  i n c l u d e  preexposed 
(100  h r .  a t  1093C (20OOF)) f a t i g u e  t e s t s  des igned  t o  u n d e r s t a n d  l o n g  t e r m  
exposure  e f f e c t s ,  b i a x i a l  f a t i g u e  t e s t s ,  and c o a t e d  A l loy 185 t e s t s .  L i f e  model 
development  w i l l  f o c u s  on  p r e d i c t i o n  o f  PWA 1480 obse rved  l i f e ,  e s p e c i a l l y  t h e  
PWA 1480 l i f e  a s s o c i a t e d  w i t h  c r a c k s  o r i g i n a t i n g  from a c o a t i n g  c r a c k  ( N s c ) .  
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Figure 1 Stress Relaxation Test of PWA 273 Aluminide Coated 0.25 mm (0.010") 
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Figure 2 PWA 286 Coating Model Prediction o f  Isothermal LCF and TMF Life. 
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Figure 4 Total Strain Correlation of PWA 273 Aluminide Coating Cracking Life 
at 927C (17OOF). 
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